The stability and structural properties of the metalloprotein superoxide dismutase 1 (SOD1) are found to depend critically on metal ions. Native SOD1 monomers coordinate one structural Zn 2+ and one redox-active Cu 2+/1+ to the active site. To do this, the Zn 2+ ions need to interact with the SOD1 protein on the denatured side of the folding barrier, prior to the formation of the folding nucleus. In this study, we have examined at residue level the nature of this early Zn 2+ binding by NMR studies on the urea denatured-state of SOD1. Nearly complete backbone chemical shift assignments were obtained in 9 M urea at physiological pH, conditions at which NMR studies are scarce.
Introduction
Superoxide dismutases are ubiquitous enzymes that neutralize reactive oxygen species in the cells. Human Cu/Zn superoxide dismutase (SOD1) is a 153 amino acid residue homo-dimeric protein with two cofactors per subunit; one copper and one zinc (Fig. 1) . The copper ion is, in its oxidized form, bound by four histidines (H46, H48, H63 and H120). All these histidines are essential for enzyme activity [1] . The zinc ion is bound by three histidines (H63, H71 and H80) and one aspartate (D83), all part of what is commonly called ''the zinc binding loop'' (loop IV, residues 48-84). This loop and its zinc ion stabilize the protein structure, including both metal centers [2] [3] [4] [5] but Cu 2+ is necessary for catalysis and native structure ( Fig. 1 ). Both metals, as well as many other divalent cations, are able to bind to both metal sites in natively folded SOD1 in vitro [1] . Zn 2+ binds to both the zinc and copper sites, and this observation has been used to elucidate how metals affect folding of SOD1 [5] [6] [7] . These studies showed that Zn 2+ catalyses protein folding by binding transiently to the SOD1 Cu 2+/1+ ligands. Once folding is completed, the zinc ion is transferred to the thermodynamically favorable position in the Zn 2+ site [7] . A question then arises concerning the nature of this Zn 2+ coordination. There are many potential competing ligands (e.g. His residues, charged residues) in the protein and furthermore there is no tertiary structural context that would favor the native ligands. To investigate the nature of the early Zn 2+ binding we have in this work focused on the metal-binding properties of unfolded SOD1. We have examined possible structures that may arise due to specific metal interaction of the urea-denatured state of the monomeric SOD1, F50E/G51E, C6A/ C111A variant (SOD1 6/111/50/51
). The first two substitutions hinder dimer formation [8] , whereas the latter two abolish erroneous Abbreviations: SOD1, superoxide dismutase 1; HSQC, heteronuclear singlequantum coherence; TOCSY, total correlation spectroscopy; NOESY, nuclear Overhauser enhancement spectroscopy; IDP, intrinsically disordered protein Database: The backbone chemical shift assignments for urea-denatured human SOD1 have been deposited with the Biological Magnetic Resonance Bank (BMRB) under the accession code 18968. disulfide bond formation [9] , which provides a way to study the folding and metal-binding properties of the monomeric protein.
Our aim with the study was to examine the early folding events as introduced by Zn 2+ coordination. For doing this, we need relatively high Zn 2+ concentrations in order to capture what may be relevant Zn 2+ -interactions for the unfolded state even at physiological conditions. Urea-denatured SOD1 may be a simple model for the unfolded state, but nevertheless presents a way to capture possible ways for the protein to interact with metal ions. In this way we are able to capture the effect of metalation at the very start of the folding reaction, prior to the formation of a folding nucleus. We have furthermore characterized the residual structure in the denatured protein and examined the effect of urea at several urea concentrations.
The results presented here demonstrate that Zn 2+ -binding to unfolded SOD1 occurs through diffuse and non-native coordination. This suggests that the ligands are shuffled towards the native coordination during the course of the folding reaction providing a favorable funnel-like restriction of the conformational entropy of the coil.
Results

SOD1 is unstructured in 9 M urea
The overall appearance of the 15 N-HSQC is indicative of a protein with no or very little secondary structure (Fig. 2) . We have assigned the resonances of backbone atoms (N H , C a , C 0 and H a ) in apo-SOD1 6/111/50/51 in 9 M urea and pH 6.3 to a completeness of 97%. The N-terminal residues A1 and T2 lack assignment since there were no detectable peaks in any of the spectra that could be assigned to them. C 0 of H63, F64 and P66 were not assigned whereas the rest of the assignment for the backbone is complete.
To evaluate the extent of remaining structure of urea-denatured SOD1 6/111/50/51
, we compared the backbone carbon atom chemical shifts to those previously measured for short peptides [10] using the chemical shift index method [11] . This simple analysis verified that only little structure existed in the protein (Fig. 3) . Most of the very small deviations in the chemical shifts, which were only observed for C a , were slightly positive, corresponding to a-helical structure. The analysis of Dd(C 0 ) supported this observation, indicating a random variation along the sequence. Since the deviations were so small (on average less than 0.4 ppm) and did not indicate b-sheet structure we concluded that neither the Dd(C a ) nor the Dd(C 0 ) analyses support the presence of any significant degree of structure in SOD1
6/111/50/51
. Additionally, and as expected for random coil conformations, no long-range NOEs were found. This further underlines that there are no secondary structure elements in SOD1 under the conditions studied. Therefore, we conclude that there is no residual b-sheet structure in the protein.
Since we assigned urea-denatured SOD1, we also compared the chemical shifts with data obtained for denatured GGXGG peptides by Schwarzinger et al. [12, 13] , which were measured at much lower pH (pH 2.3) than in the present study. No significant differences between this analysis and the one using the dataset by Wishart et al. were observed, except that all aspartic and glutamic acids in the amino acid sequence of SOD1 showed extreme values (data not shown), as expected for pH-dependent residues. Also, Dd(C a ) for N65 displayed a large deviation from what is expected for an unfolded protein, most likely due to the proline situated subsequent to it [10, 13] . This effect was also seen for all glycines followed by prolines (G12, G27, G61 and G73). Similar deviations in the Dd(C a ) for proline-neighboring residues was seen when using the Wishart dataset but was compensated for, as described [10] .
To determine the effect of the denaturant on the protein structure the urea concentration was lowered in steps of 0.5 M. Fig. 4 shows the effect on the chemical shifts of H N and N H when diluting the urea from 9 to 4 M. The changes (D avg d) were generally very small, on the order of 0.01-0.08 ppm. It is noteworthy that the region that displayed the largest shifts when lowering the urea concentration comprises amino acid residues H63-H71, which in turn is part of the zinc-binding loop. Especially residues S68 and R69 clearly shifted towards the expected chemical shifts in the natively folded protein, as seen in a previous assignment of apo-SOD1 [14] . Two other regions displayed small but consistent chemical shift differences that may be significant, I17-K23 and R143-I149. These regions correspond to b-strands 2 and 8 in the folded protein.
Zn 2+ binds to all His residues in SOD1
To monitor Zn No consistent line-broadening for the shifting His peaks and no additional peaks were observed. We therefore conclude that the interaction is most likely characterized by a fast exchange event. At higher concentrations, certain differences between the His residues could be discerned. The chemical shifts of H46 were significantly less affected than what was seen for the other residues; the maximum change was around 0.06 ppm, which can be compared to H71 for which the maximum was 0.16 ppm (Fig. 5B ). :SOD1 ratio of 12:1, and from this plot it is evident that all His peaks but one, His46, has shifted their position significantly. At this concentration, also peaks neighboring the His residues (i.e. V47, E49, F64 and E121) display shifts that are larger than what is observed for the bulk of the protein (Fig. 6 ), supporting the observation that the effect is specific for His residues. At a very high concentration of Zn 2+ , corresponding to more than a 30:1 ratio, the resonances of most peaks shifted in a more uniform way and the specificity of the interaction was less pronounced. To ascertain that this effect at a high zinc concentration was purely ionic, measurement with a ''charge equivalent'' of NaCl corresponding to a 30:1 Zn 2+ :SOD1 ratio was performed. No shifts were, however, observed in the spectrum by adding NaCl. Hence, a high ZnSO 4 concentration induces a general effect in the protein that was not observed using NaCl. Adding NaCl also demonstrated that the effect observed for the His residues is specific for Zn 2+ and not a consequence of altering the sample conditions. Next, the patterns of the shifts were analyzed (Fig. 5B) we find that all His residues display chemical shift changes, but that for H46 the change is much smaller than for the others, indicating that this residue is less involved in metal coordination.
Discussion
NMR studies of intrinsically disordered proteins (IDPs) have provided a wealth of information about how to best describe the properties of them [15] [16] [17] [18] [19] . It has been established that there often is residual structure present and that there is variation in the dynamic behavior along the backbone [20, 21] . There are, however, not that many examples of NMR studies of proteins in high concentrations of urea at physiological pH. Suggestions have been made that residual structure remains also in high amounts of urea, but these studies were conducted at low pH [22] . There have been arguments both for and against residual structure in urea-unfolded proteins, as reviewed by McCarney et al. [23] . The urea-unfolded barstar was demonstrated to contain little native structure [24] , while studies in lower amounts of urea revealed residual helical structure [25] . For the tRNA methyltransferase YibK it was on the other hand suggested that residual structure remained in 8 M urea at pH 7.5, although the protein was mostly described as random coil [26] . Therefore, to understand the molecular properties related to folding of proteins, studies of unfolded states are necessary. Here we report on the backbone assignment of monomeric ureadenatured SOD1 6/111/50/51 . Our analysis of the backbone chemical shifts shows that SOD1 in 9 M urea is unstructured, and remains largely unstructured to a urea concentration of less than 4 M. At low urea concentration evidence for slight structure induction in two of the b-strands (strands 2 and 8) and in the zinc-loop is observed. This is in agreement with an earlier study by Assfalg et al. that demonstrated that monomeric SOD1 is largely unstructured in guanidinium chloride (GdmCl) [27] .
Although we needed high concentrations of Zn 2+ to map out the binding sites in the urea-denatured state of SOD1, the results demonstrate the possible interaction sites also in unfolded SOD1 under more physiological conditions. Theoretically, the insertion of metal ions and the folding of a polypeptide chain may take place in any order. Either the metal ion is bound to the completely or partially folded structure, or to the unfolded polypeptide chain. In the case of active (holo) azurin, a blue-copper protein, the complete folding pathway has been shown to be 4000 times faster if copper is allowed to bind before the rest of the polypeptide folds [28, 29] . A few years later it was shown that the metal ions could bind in several ways, but with one major population [30] . Here we have shown that in unfolded SOD1 most of the His residues, and not only the ligands in the two metal-binding sites, are sensitive to addition of Zn 2+ ions. We also noted that high concentrations of Zn 2+ were needed to induce significant changes in the NMR spectrum of urea-denatured SOD1. The relatively high concentration needed may indicate that all of the His residues are transiently involved in binding of several ions, but it should also be noted that urea is known to chelate Zn 2+ , and that the effective concentration present for interaction with the His residues may be much lower [31] . Under the conditions used in this study, with high Zn 2+ concentrations, the effects that may very well be common to most proteins that are abundant in His residues, and not specific for SOD1. in the unfolded protein, including the two non-native metal ligands H110 and H43. Our data reveal that there is no selectivity for any of the two native metal centers (Fig. 6) . We can also conclude that only His residues, and no other common ligands such as negatively charged amino acid residues, bind the cationic Zn 2+ ions in urea-denatured SOD1. Even D83, the only non-His metal binding ligand in the native protein, is largely unaffected by Zn 2+ , and no large shifts are observed (Fig. 6 ). This finding indicates a His-specific binding and not only an ionic effect. H120, one of the copper ligands, is affected to the greatest extent by the presence of zinc ions. We also note that binding to the non-native copper ligand H43 seems to be preferred over H46. This implies that it may not be favorable for Zn 2+ to bind to both H46 and H48 simultaneously in unfolded SOD1, since these residues may be situated too close in the sequence. Therefore it appears that in the unfolded L8  P13  I18  K23  P28  G33  L38  H43  H48  N53  T58  H63  S68  G73  E78  D83  T88  G93  S98  V103  G108  I113  V118  A123  K128  E133  G138  R143  V148 K9  Q15  E21  G27  G33  T39  F45  E51  C57  H63  R69  K75  V81  V87  G93  I99  S105  A111  L117  A123  G129  T135  G141  G147 protein, zinc coordination to H43 and H48 is more favorable than to H46 and H48, i.e. in an extended structure this relaxes the binding geometry of the protein [33, 34] . Together these results demonstrate that the initial binding of zinc to the protein occurs via a diffuse coordination, which in turn suggests that the ligands have to be rearranged during the course of the folding process to reach the native metal-bound state. This is in agreement with a study of SOD1 in GdmCl, which demonstrated structural rearrangements of the both native metal-binding sites [27] . The study in GdmCl further showed that the presence of metals induced a somewhat more compact protein, indicating (transient) metal interactions. A recent study demonstrated that Zn 2+ appears to be coordinated to the copper site in the protein in the early folding process, and that the zinc site forms late in the folding process [7] . Contrary to these results, it has been argued that the Zn 2+ site is preformed in the presence of Zn
2+
, and that this stabilizes the folding nucleus [35] . Here we see that the diffuse binding of zinc, where the metal is coordinated to residues in both metal-binding sites, provides a means for SOD1 to explore several structural states at the very start of the folding reaction. Clearly, early zinc binding does not induce a pre-organized metal-binding site. This is consistent with the result that the zinc-binding site forms late in the folding process.
The region known as the zinc-binding loop in the folded protein (loop IV) appears to be the one that undergoes the most significant changes when slowly lowering the urea concentration. Small, but significant changes in chemical shifts for e.g. residues S68 and R69 in the zinc-binding loop are observed (Fig. 6 ), indicating that this region changes its structural characteristics. This implies that some sort of rearrangement of the loop takes place in the early stages of folding. NMR relaxation data for the apo protein has shown that loop IV is highly dynamic [36] , and it has been demonstrated that the structural integrity of the protein relies on metal coordination [5] . The present finding indicating that the zinc-binding loop undergoes dynamic rearrangements, together with the unspecific metal-binding in the unfolded protein provides an indication that transient structural rearrangements in the zinc-binding loop may be important in the folding of human SOD1. For the protein to fold, several structural states are explored, which may provide a means for the protein to initiate folding. Finally, most proteins that contain His residues will most likely coordinate to Zn 2+ in a diffuse and non-specific way, providing a means for metal-bound proteins to explore several conformational states. The diffuse metal binding in the early folding pathway observed here may well be a general mechanism by how metalloproteins initiate the folding process.
Materials and methods
Materials
EDTA was purchased from Merck (Whitehouse station, U.S.A.), guanidine hydrochloride (ultrapure) from AppliChem (Darmstadt, Germany) and bis-tris hydrochloride from Sigma (St. Louis, U.S.A.). Urea (ultra pure) was bought from MP Biomedicals (Illkirch, France). 15 N-NH 4 Cl, 13 C-glucose and D 2 O was purchased from Cambridge Isotope Laboratories (Andover, MA, USA). ZnSO 4 was from Fluka (Buchs, Switzerland). Spectra/Por dialysis membranes were from Spectrum Laboratories (Rancho Dominguez, U.S.A.)
Expression and purification
The construct used, SOD1
, was over-expressed in Escherichia coli grown in M9 minimal medium, containing 15 Nlabeled ammonium chloride and/or 13 C-labeled D-glucose as sole nitrogen and carbon sources. The expression and purification of SOD1 were conducted as described in [37] , but with no CuSO 4 addition upon induction.
Metal depletion and unfolding of SOD1
Apo-SOD1 was prepared by dialysis against 500 mL 50 mM EDTA and 4 M guanidine hydrochloride, buffered by 10 mM bisTris (pH 6.3). The dialysis membranes had a pore size of 6-8000 MWCO and the dialysis continued in this solution for at least four hours in room temperature with stirring. The tubing and its content was then moved into a solution containing 250 mL 10 M urea and 10 mM bis-Tris (pH 6. L8  P13  I18  K23  P28  G33  L38  H43  H48  N53  T58  F64  R69  P74  R79  L84  A89  V94  I99  I104  D109  G114  V119  D124  G129  S134  N139  L144  I149 Δ avg δ(9-4M) (ppm)
Amino acid sequence NMR experiments) resulted in a final urea concentration of 9 M and protein concentrations ranging between 0.2 and 0.5 mM for the different samples. The samples were handled at a maximum of 25°C, since urea degrades more rapidly at higher temperature. The sample was always used within two weeks from preparation (unfolding and metal depletion) to avoid carbamylation of lysines and arginines or other effects due to urea breakdown and production of cyanate/isocyanic acid.
NMR experiments
All triple-resonance and titration experiments were done using a Bruker Avance 700 spectrometer equipped with cryoprobe, operating at 16.4 T. Finally, a total of eight multidimensional spectra were used to correlate the backbone nuclei, and to obtain sequential resonance assignments. The spectra were processed with TopSpin 2.1 (Bruker BioSpin), including, amongst other, linear prediction and zero-filling. The spectral analysis was performed using Sparky 3 [38] .
Chemical shift difference analysis of C a and Ć , Dd(C a ) and Dd(Ć ) respectively, was done to evaluate the extent of residual structure in the protein. The differences in chemical shifts as compared to the data by Wishart et al., based on GGXAGG and GGXPGG peptides [10] were determined for this purpose. This dataset was chosen since it represents truly unstructured sequences, and not coil regions in otherwise folded proteins [39] or intrinsically disordered proteins [40] .
Zinc titration
A series of 15 N-HSQC spectra were measured with an increasing amount of metal ions present. A solution of ZnSO 4 was titrated directly into the NMR tube. The added volumes were kept minimal (typically 2-7 lL into a volume of 600 lL) to abolish dilution effects and therefore stock solutions of different concentration (5, 10, 50 or 100 mM) were used. The pH of the sample and the ZnSO4 solutions was kept at pH 6.3. After zinc addition the tube was carefully shaken to allow for a homogenous mixing and then put back into the NMR spectrometer and incubated for at least 15 minutes before any new measurement was made. If measurements were continued after an over-night recess, a new spectrum was recorded with the same sample and compared to the last one measured the day before to make sure the longer incubation time did not change the sample in any way. 
which takes into consideration the different gyromagnetic ratios and spectral widths of 15 N and 1 H.
Urea dilution experiments
The urea dilution was made by addition of 10 mM bis-tris buffer (pH 6.3) with 10% (v/v) D 2 O to a sample of SOD1 in 9 M urea. The dilution was made in 0.5 M steps, starting at 9 M and ending at 3.5 M. No correction was made for the protein concentration that was lowered from 380 to 148 lM during the measurements. In all other practical aspects the samples were treated as the samples in the zinc experiments during measurements. K3  K9  Q15  E21  G27  G33  T39  F45  E51  C57  H63  R69  K75  V81  V87  G93  I99  S105  A111  L117  A123  G129  T135  G141  G147  Q153 Δ avg δ(Holo-apo) (ppm) 
